An anatomical model representing a mili-scale bifurcation of an artery was constructed. A sequential method was developed to obtain a transparent PDMS model from a mold produced by rapid prototyping. For this purpose, several materials were assessed in order to manufacture transparent models that allow optical access for flow visualization and to measure the velocity profiles of the flow of blood analogues by micro-particle image velocimetry (µPIV).
INTRODUCTION
From clinical practice, it is known that specific sites in human circulatory system are particularly sensitive to the development of cardiovascular diseases, such as atherosclerosis, stenosis and cerebral aneurysms (Akram, 2000) . Local hemodynamic is believed to play an important role in the development of these lesions and so its knowledge is of great importance (Kristopher, 2005) . Several researchers have been working on patient specific in vitro techniques that allow the experimental study of blood circulation in realistic configurations (Burgmann, 2009 ). This approach requires the construction of a model of the blood vessel under study. Models of complex geometries can be constructed by direct rapid prototyping from a 3D computational representation of the blood vessel or by casting in a mold produced by rapid prototyping (Bale-Glickman, 2003) .
In this work, a novel multi stage approach was developed to create and replicate simplified models of arteries as shown in Figure 1: -From the geometry previously created in CAD, a first mold made of an epoxy-resin is constructed by rapid prototyping using stereolithography; -A negative version of the mold is then fabricated in non-transparent silicone; -The silicone mold is used to cast a third mold using materials that can be easily removable from the final channel. This last mold is destroyed during the final step of fabrication, but the negative version is repeatedly used to replicate anatomical models maintaining identical characteristics. In this work different removable materials were tested and compared using Optical Microscopy, Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray Spectroscopy (EDS) and optical distortion analysis of the final transparent channel; -The final transparent channel is fabricated in polydimethylsiloxane (PDMS) and can be used for hemodynamic studies with optical techniques. The hemodynamic studies were conducted using an experimental fluid, a mixture of water and glycerin that has a similar refractive index as the channel material, PDMS. 
EXPERIMENTAL PROCEDURE CAD and channel design
First, a CAD model of the desired channel was designed using SolidWorks® software. The shape of the channel is a simple bifurcation with one inlet (main branch) and two outlets (daughter branches). A 140º angle was considered between the two daughter branches of the channel as illustrated in Figure 1 . The geometry dimensions were calculated using the Murray law (Murray, 1926) according to the following equation:
where D is the diameter of the main branch and and are the diameters of the two daughter branches.
The CAD model, shown in Figure 1 , was used to construct an epoxy resin mold by rapid prototyping using solid state stereolithography. The prototyping equipment used was an Accura® 55Plastic from 3D Systems® with a precision of 0.15 mm. The prototype was used to construct a second mold made by non-transparent silicone. The prototype and the nontransparent silicone mold were constructed by SOLIDtech, Lda. This second mold is used to cast the final mili-scale channel using an easily removable material such as wax or sucrose as shown in Figure 1 .
Fabrication methods

Lost-wax casting
Different types of wax were used to cast the third and final mold. The casting is performed at 80ºC by injecting melted wax into the silicone mold. In the present work paraffin, bee's wax and mixture of a 50/50 wt% of both materials were used (Figure 2 ). To fabricate the final channels in transparent and elastic material, the PDMS was mixed with curing agent in a 10:1 ratio. A Thinky Mixer® ARE-250 was used to mix the PDMS/curing agent mixtures. The mixture is then transferred to a desiccator connected to a vacuum pump for removing air bubbles. th International Conference on Experimental Mechanics ICEM15 3
The wax materials were selected because they are easily removable by temperature after the PDMS curing stage. The curing of the PDMS was conducted at room temperature for 72h and afterwards, the wax was removed by melting at 80ºC for 20 min. Lost-sucrose casting Besides using wax materials, a new approach was created by using a caramel material, shown in Figure 3 . The caramel is composed from several thousand compounds formed by a small number of unselective and chemoselective reactions, including oligomers with up to six carbohydrate units formed through unselective glycosidic bond formation, dehydration products of oligomers losing up to a maximum of eight water molecules, hydration products of sugar oligomers and colored aromatic products (Kuhnert, 2012) . For simplification from now on, this material will be called just "sucrose". The sucrose is melted at 160ºC and injected at this temperature inside the non-transparent silicone mold. Similarly to the lost-wax procedure, the final PDMS mili-scale channel is cured at the same experimental conditions. After the PDMS curing the sucrose is removed by dissolution at room temperature. 
Characterization of the channels
Replication and reproducibility
To analyze the replicability of the fabrication methods, the dimensions of the PDMS channels were compared with the original dimensions of the CAD design. For this purpose we used cross-section cuts of the three branches from the PDMS channels. The main branch has a circular shape and both the daughter branches have an oval shape. Six dimensions were determined, two from each cross-section, by brigthfield microscopy using an inverted epifluorescent microscope, model DMI 5000M, Leica Microsystems ® . The reproducibility was analyzed by calculating the standard deviation between the six dimensions within the channels of each casting methods.
Optical distortion
The refractive index of the PDMS was measured in an ABBE ® (WYA-1S) digital refractometer and, at a room temperature of 24.5ºC, the measured refractive index is 1. 4125 . In order to analyze the optical distortion of the channels two different fluids were used: water and a mixture of water/glycerin, 39.3 % wt and 60.7 % wt, respectively (Buchmann, 2011) . The measured refractive index of water is 1.3328, at 24.5ºC, and of the mixture of water/ glycerin is 1.4127, at 24.5ºC. The channels were injected with the fluids and placed over a sheet of millimetric paper. Afterwards, the distortion of the grid lines caused by refraction was observed and photographed.
Flow visualization
To perform µPIV, it is mandatory to use a fluid with the same refractive index of PDMS. Two different fluids were used for flow visualization: a mixture of water with modified carboxylate tracing particles (1 m, 20 ppm, Invitrogen ® , Ex/Em: 520/580nm, ρ= 1.05 g/mL); a mixture of water/glycerin, with the same modified carboxylate tracing particles. A syringe pump, model PHD200 Harvard Apparatus ® , was used to inject the fluid and to control the flow rate. The flow in the channels made by lost-sucrose casting method was analyzed by an inverted epifluorescent microscope, model DMI 5000M Leica Microsystems ® , and were constantly illuminated by a 100 W mercury lamp accoplated with a cube filter (excitation filter 530 -545 nm, an interference filter of 565 nm and a barrier filter 610 -675 nm, Leica Microsystems ® ) to filter the multi-chromatic light. The flow visualization was performed by long period photographic capture (~1s) in order to allow a good visualization of the particles trajectory. The visualization was performed in a temperature controlled room at 25ºC. The flow rates used to study the flow pattern of the fluids were 50 mL/hr. The objective of the visualization was to demonstrate that the use of index-matching fluids in mili-scale cylindrical channels is crucial to suppress the light refraction induced by the curvature of the channels.
RESULTS
Characterization of the channels
Replication and reproducibility
In Figure 4 we show the CAD model and the resulting transparent mili-scale channel. We evaluate the geometrical deviation between the channel and the designed CAD model by brightfield microscopy, (DMI 5000M Leica Microsystems ® ). Images of the cross sections of the channels produced in PDMS are shown in figure 5. The results are shown in Table 1 in terms of six dimensions, d 1 to d 6 as defined in Figure 4 , representing the different dimensions of the inlet and of the two outlets. It was taken in consideration that d 1 and d 2 have the same dimensions, so in Table 1 it is only represented d 1 . For each material, paraffin and sucrose, three different channels were prepared and their dimensions were compared with each other and with the dimensions of the CAD model design. The geometrical deviation between the channels and the CAD model amounted to an average maximum error (E / %) of approximately 8% (d 3 , outlet 1) for paraffin and of 6.5% (d 6 , outlet 2) for sucrose. It can be concluded, from this values, that the real channels are excellent replicates of the CAD design model, especially if one consider the inherent error associated to the solid state prototyping method stated above, approximately 0.15 mm. The reproducibility of the preparation method was assessed by the standard deviation between the dimensions for each casting method. The standard deviation varied from 0.02 to 0.23 mm showing the reproducibility of the channels fabrication method. 
Qualitative analysis by Scanning Electron Microscopy (SEM) and Energy dispersive X-Ray Spectroscopy (EDS)
The surface of the mili-scale channels were analysed in "Centro de Materiais da Universidade do Porto (CEMUP)" using SEM and EDS techniques. An image of the surface of the channel obtained using the lost-wax casting method is shown in Figure 6 . EDS analysis was performed in two different areas: Z1 pointing out a structure that is contaminating the channel and Z2 representing a clean area, as shown in Figure 7 . The Z1 area has a low silicon counting and a high carbon counting that appears to be contamination in the PDMS. However the Z2 area is mostly constituted by silicon, which is the base constitutive element of PDMS. Fig.6 Surface of the mili-channel fabricated using the lost-wax casting pointing out two different areas, Z1 and Z2 The mili-scale channels produced using the lost-sucrose casting method exhibit much better results in terms of contamination compared to those produced by the lost-wax casting method, and as we can see in Figure 8 the channel exhibits a homogeneous surface and a corresponding EDS spectrum clearly highlighting silicon as the more frequent element. Optical distortion In order to assess the effect of optical distortion caused by the difference in refractive indices between the fluids and the PDMS channel, we used the simple method of injecting the fluid into the channel and placing them over a sheet of millimetric paper. Figure 9 , shows two photos of a channel fabricated by lost-wax casting method, containing two different fluids, water and a water/glycerin mixture. Water has a much lower refractive index (1.3328, at 24.5ºC) than PDMS (1.4125, at 24.5ºC) and therefore there is some distortion as the result of no refractive index matching. On the other hand, the water/glycerin matches the refractive index of the channels material. However, the wall boundaries are still visible in some regions of the model possibly due to contamination near the surface as found in the EDS analysis. The lost-sucrose casting channels were submitted to the same test (Figure 10 ) and the results were clearly improved with the water/glycerin perfectly matching the channels material refractive index, appearing to be only one material. 
Flow visualization
In terms of flow visualization, the water/glycerin mixture is the one that better adjusts to the refractive index of the channel and eliminates most of the optical distortion caused by the channel's curvature. This visualization is a preliminary study for future µPIV analysis that will require a fluid that matches the refractive index of the PDMS channels reducing the noise of the curvatures leading to more reliable results. 
CONCLUSION
In this work, we investigated different materials and methods for the fabrication of mili-scale channels for hemodynamic studies using optical techniques such as µPIV. The study shows that the fabrication method that yielded the best results was the lost-sucrose casting. Both casting methods have similar dimensions compared to the original CAD model, which indicates that the channels can be replicated with a maximum error of 8.1%. The lost-sucrose method achieves excellent results in terms of optical properties, exhibiting less optical distortion as a result of less surface contamination and refractive matching between the PDMS and the fluid. The main reason for the apparent nonexistent contamination shown in the EDS analysis in the lost-sucrose casting channels is associated to the mold removing process. In the lost-sucrose casting, this process is made by dissolution of the "sucrose" in water at room temperature. For the wax, the cleaning process involves heating the mold in order to melt the wax, which can lead to the contamination of PDMS. There are still further tests to be carried out to ensure that the mili-scale channels are ready for µPIV analysis, such as finding a good blood analogue fluid to match the refractive index of PDMS.
